The recent advances in CRISPR-based genome engineering have enabled a plethora of new experiments to study a wide range of biological questions. The major attraction of this system over previous methods is its high efficiency and simplicity of use. For example, whereas previous genome engineering technologies required the generation of new proteins to target each new locus, CRISPR requires only the expression of a different single guide RNA (sgRNA). This sgRNA binds to the Cas9 endonuclease protein and directs the generation of a double-strand break to a highly specific genomic site determined by the sgRNA sequence. In addition, the relative simplicity of the Drosophila genome is a particular advantage, as possible sgRNA off-target sites can easily be avoided. Here, we provide a step-by-step protocol for designing sgRNA target sites using the Drosophila RNAi Screening Center (DRSC) Find CRISPRs tool (version 2). We also describe the generation of sgRNA expression plasmids for the use in cultured Drosophila cells or in vivo. Finally, we discuss specific design requirements for various genome engineering applications.
Reagents
BbsI restriction enzyme (Thermo Scientific) Chemically competent E. coli and reagents for transformation DNA sequencing primer (5 ′ -CAATAGGACACTTTGATTC-3 ′ ) and reagents FastAP enzyme and 10× FastDigest buffer (Thermo Scientific) LB liquid medium <R> with ampicillin for selection sgRNA oligonucleotides (100 µM) (designed according to Steps 8-12) T4 polynucleotide kinase (T4 PNK) and 10× T4 ligation buffer (New England BioLabs) T7 ligase and 2× Quick ligase buffer (Enzymatics)
Equipment
Incubator at 37˚C sgRNA selection tool (DRSC Find CRISPRs [version 2]; www.flyrnai.org/crispr2) Because of the abundance of possible target sites in the Drosophila genome, it is often relatively simple to identify sgRNA sequences close to the locus of interest. However, both efficiency and specificity vary greatly between different sgRNAs; therefore, careful target site selection is critical to successful genome modification. Various tools exist for the consideration of variables such as off-target (OT) prediction and mutation efficiency to aid in the selection of the optimal sgRNA for any given application. DRSC Find CRISPRs allows visualization of all possible sgRNA target sites on both strands relevant to any gene or any specific location throughout the Drosophila genome in the context of a genome browser (Ren et al. 2013; Housden et al. 2014) . Each sgRNA is annotated with predicted OT sites, a score that predicts mutation efficiency, and restriction enzyme recognition site(s) that might be impacted by DSB. The user has the option to select different thresholds for predicted OT potential as well as apply filters based on the relationship of the OT site to gene annotations. Note that NGG results in considerably higher efficiency than NAG.
Select OT stringency (Box 4).
The least stringent option considers sites with up to three mismatches as OTs. The most stringent option considers sites with up to five mismatches as OTs.
6. Click "Submit" to view all sgRNA target sites in the context of a genome browser. Identify the region of interest.
Note that the first CDS exon can be either to the left or to the right, depending on the strand.
See Troubleshooting.
7. Click each sgRNA site to view detailed information such as OT annotation and efficiency score (Fig. 1B) . Select the optimal sgRNA designs according to the guidelines provided in Figure 1C .
See Discussion.
Cloning sgRNAs

Designing Oligonucleotides
8. Copy the selected sgRNA target sequence from the DRSC Find CRISPRs tool.
9.
Remove the NGG PAM from the 3 ′ end to obtain the sense sgRNA oligo sequence. Examples of two frequently used strategies for selecting sgRNAs for gene knockout. Note that for some genes, the 5 ′ region of the gene will be on the right (i.e., on the opposite strand relative to the display).
11. Add the following cloning sequences to the sense and antisense oligos.
Cloning vector Sequences to add
For pl100 sense: "CTTCG-20 bp" antisense: "AAAC-20 bp-C" For pl18
sense: "GTTCG-20 bp" antisense: "AAAC-20 bp-C"
Both pl100 and pl18 express the sgRNA from a U6 promoter. This requires that the expressed sequence start with G. We therefore add G to the start of every sgRNA, although this is not necessary when the first position of the sgRNA target is already G.
12. Synthesize the sense and antisense oligos and purify by standard desalting. Resuspend the oligos in H 2 O to a final concentration of 100 µM.
Annealing sgRNA Oligos 18. Purify the reaction products using a PCR purification kit following the manufacturer's instructions. 19. Dilute the linearized plasmid to 10 ng/µL using H 2 O.
A large preparation of linearized plasmid can be produced and stored at −20˚C for later use.
Ligating the sgRNA Fragment into the Linearized Vector
When performing this protocol for the first time, we recommend including a negative control in which the annealed oligos are omitted. This sample should not produce colonies if the vector is correctly linearized. (Fig. 1A) .
Reagent
Problem (Step 24):
No oligo inserts are detected, or there are multiple oligo inserts present in the cloning vector. Solution: The method described is generally extremely robust and only one or two clones need to be sequenced to find a correctly cloned construct. If no insert is detected, it is likely that the vector linearization was incomplete. This can be checked by performing a negative control ligation omitting the annealed oligos. A completely linearized vector should produce zero colonies under these conditions. If multiple inserts are detected, increase the ratio of oligo dilution to 1:500 in Step 15.
DISCUSSION
The above protocol provides a general idea of how to use DRSC Find CRISPRs (version 2) to generate sgRNA expression plasmids. However, the specific positioning and nature of the sgRNA will vary depending on the desired application. For example, to generate a frameshift gene knockout, a single sgRNA targeting downstream and close to the start of the coding sequence should be designed. In contrast, to delete a defined locus, two sgRNAs flanking that region or one or two sgRNAs in combination with a donor construct should be used. The specific requirements for some common applications are illustrated in Figure 1C .
One major concern associated with the use of CRISPR in mammalian systems has been the occurrence of OT effects. Indeed, a recent report indicated that OT mutations occur at high efficiency and at multiple loci (Tsai et al. 2015) . In addition, many of the OT sites identified in the study were not predicted by current algorithms, making the specificity of any given sgRNA unknown.
In contrast, OT effects appear to be much less of a concern in Drosophila, and although several groups have reported high-efficiency on-target mutation, OTs have not yet been observed. However, unbiased OT detection methods such as GUIDE-seq (Tsai et al. 2015) have not yet been used in Drosophila, so it is possible that OT mutations remain undetected. From current prediction algorithms, it appears that 97% of genes can be targeted without OT effects (Ren et al. 2013) , suggesting that with careful sgRNA design, OTs are not a major concern in Drosophila.
Several modifications to the CRISPR system have been developed to reduce the occurrence of OT mutations. For example, Cas9 can be converted to a nickase to generate single-strand breaks by mutating one of the two endonuclease domains. Single-strand breaks are considerably less likely to lead to indel mutations than double-strand breaks (DSBs) but can still be repaired by homologous recombination (HR) (Davis and Maizels 2014; Rong et al. 2014) . This version of the system can therefore be used to make targeted changes with reduced OT mutation frequency. However, Cas9 nickase appears to be considerably less efficient than wild-type Cas9 at inducing HR events, and OT indels may still occur at a low level . Despite these disadvantages, this is a useful approach where high specificity is important.
A modification of the nickase approach is to use two nickase Cas9 constructs targeting sites in close proximity (Mali et al. 2013; Ran et al. 2013 Ran et al. , 2014 Cho et al. 2014) . This leads to a DSB only at loci bound by both sgRNAs, whereas OT sites will be cleaved only on a single DNA strand. This likely biases the generation of indel mutations toward the on-target site, but similar to the single nickase approach, efficiency is reduced compared to wild-type Cas9 (Ran et al. 2013 ). In addition, although the use of two sgRNAs may decrease OT mutation at any given site, it may increase the number of OT sites at which single-strand breaks are generated.
A common application of CRISPR is the induction of frameshift mutations to generate gene knockouts. For this to be successful, DSBs must be induced efficiently but the resulting mutation must also generate a frameshift. Although the repair process often appears to be random, microhomology in the surrounding sequence leads to bias in the resulting repaired sequence . These effects can be predicted by considering the extent of microhomology and distance from the DSB site. A tool was recently developed to predict the likelihood of generating a frameshift mutation ). One future application for which this may be particularly useful is tissue-specific mutagenesis. It was recently shown that CRISPR can be implemented in defined Drosophila tissues to generate inducible mutations (Xue et al. 2014) . Note that the DRSC Find CRISPRs tool described above includes predicted frameshift scores for all sgRNAs in the Drosophila genome as well as a stand-alone page for users to calculate frameshift scores for their own designs (http://www.flyrnai.org/evaluateCrispr/).
RECIPE
LB Liquid Medium
In 1 L H 2 O, dissolve 10 g of Bacto Tryptone, 5 g of yeast extract, and 10 g of NaCl.
Adjust the pH to 7.5 with NaOH. Sterilize by autoclaving.
